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Abstract 

Programmed cell death (apoptosis) is a normal process in 
the developing nervous system. Recent data suggest that 
certain features seen in the process of programmed cell 
death may be favored in the developing versus the adult 
brain in response to different brain injuries. In a well char- 
acterized model of neonatal hypoxia-ischemia, we demon- 
strate marked but delayed cell death in which there is prom- 
inent DNA laddering, TUNEL-labeling, and nuclei with 
condensed chromatin. Caspase activation, which is required 
in many cases of apoptotic cell death, also followed a delayed 
time course after hypoxia-ischemia. Administration of boc- 
aspartyl(OMe>fluoromethylketone, a pan-caspase inhibitor, 
was significantly neuroprotective when given by intracere- 
broventricular injection 3 h after cerebral hypoxia-ischemia. 
In addition, systemic injections of boc-aspartyl(OMe)-fluo- 
romethylketone also given in a delayed fashion, resulted in 
significant neuroprotection. These findings suggest that 
caspase inhibitors may be able to provide benefit over a pro- 
longed therapeutic window after hypoxic-ischemic events in 
the developing brain, a major contributor to static encephal- 
opathy and cerebral palsy. (J. Clin. Invest 1998. 101:1992- 
1999.) Key words: caspase • hypoxia • ischemia • cerebral 
palsy • cell death 

Introduction 

The anatomic and functional status of the nervous system is 
sculpted by a normal process during development known as 
programmed cell death (1, 2). The morphology by which cells 
die during this process is usually apoptotic (3). Cells undergo- 
ing apoptosis exhibit condensation of nuclear chromatin, frag- 
mentation of genomic DNA, cytoplasmic shrinkage, and for- 
mation of apoptotic bodies (3, 4). Biochemical and some 
morphological features seen during apoptosis are also ob- 
served in the brain after adrenalectomy (5) and after some in- 
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juries such as trauma (6), and hypoxia-ischemia (H-I) 1 (7-9). 
Despite this, most acute insults to the adult brain such as H-I 
and excitoxicity usually result in necrotic cell death with early 
cytoplasmic and organelle swelling (10-12). 

In the developing central nervous system recent data sug- 
gest that cell death can be quite delayed after H-I injury and 
have some features in common with programmed cell death 
(13-16). These observations may have important therapeutic 
consequences in certain disease states. For example, sympa- 
thetic neurons from early postnatal animals undergo delayed 
programmed cell death when deprived of their factor, nerve 
growth factor (NGF). There is a time-dependent sequence of 
events after NGF withdrawal-induced apoptosis of sympa- 
thetic neurons which suggests that cell death is an active pro- 
cess (17). Genetic and biochemical evidence shows that one of 
the last intracellular events required for cell death in this and 
other systems is activation of cysteine proteases termed 
caspases (for review see references 18-21). Interestingly, boc- 
aspartyI(OMe)-fluoromethyIketone (BAF), a cell permeable 
general caspase inhibitor, can block apoptotic death of all sym- 
pathetic neurons when given up to 14 h after trophic factor 
withdrawal (22). Similar findings using a different peptide in- 
hibitor have been noted in the NGF-deprived neuronal cell 
line PC12 (23). These findings suggest that if there is a similar 
time course of molecular events after brain injuries with prom- 
inent delayed cell death, then there may be a prolonged win- 
dow for therapeutic treatment with caspase inhibitors. 

A common cause of brain injury in the perinatal period is 
H-I. This kind of injury is thought to be the single largest con- 
tributor to static encephalopathies in children and can result in 
mental impairment, seizures, and permanent motor deficits 
(cerebral palsy) (24, 25). The best studied animal model of 
neonatal H-I injury is based on a variation of the Levine prep- 
aration in which postnatal day 7 (F7) rats or mice undergo uni- 
lateral carotid ligation followed by exposure to hypoxia which 
produces severe unilateral brain injury (26-30). This model 
produces unilateral brain injury in which the neuropathology 
resembles what is seen in cases of hypoxia and ischemia in 
term human infants (24, 25, 27). There is neuronal loss in the 
cortex, hippocampus, striatum, and thalamus as well as dam- 
age to white matter tracts and gliosis. The damage which oc- 
curs is diffuse and throughout much of the affected hemi- 
sphere; there is not a core infarct or a clear penumbral region. 
Recent treatment strategies using this model have suggested 
the potential therapeutic use of oxygen free-radical scaven- 
gers, growth factors, excitatory amino acid antagonists, and 



1. Abbreviations used in this paper: BAF, boc-a$partyl(OMe)-fluo- 
romethylketone; BTF, boc-threonyl-fluoromethylketone; EM, elec- 
tron microscopy; H-I, hypoxia-ischemia; ICE, IL-lp converting en- 
zyme; ICV, intracerebroventricular; NGF, nerve growth factor; P, 
postnatal day; PARP, poly(ADP-ribose)polymerase. 
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calcium channel blockers (30, 31). In this study we focused on 
the potential role of a caspase inhibitor. We show that after a 
unilateral H-I insult in P7 rats there is evidence of prominent 
DNA damage in several brain regions, features of which do 
not begin until ~ 6 h after the H-I insult. We also demonstrate 
that intracerebroventricular (ICV) as well as systemic injec- 
tions of the caspase inhibitor BAF given either before or up to 
3 h after an H-I insult significantly protected (> 50%) against 
H-I injury. These findings suggest that there may be a long 
therapeutic window for intervention with caspase inhibitors af- 
ter H-I insults to the neonatal brain. 

Methods 

Animal surgical procedure. A model of H-I based on the Levine pro- 
cedure was used (26, 30, 32) with Sprague-Dawley litters (12 pups per 
litter) at P7. The mean weight of pups in each litter was 12-14 g. Pups 
were anesthetized with 2.5% halothane and balance room air, and the 
left common carotid artery was ligated. The incision was sutured and 
the pups were returned to their dam for a 2-h recovery and feeding 
period. The pups were then placed in containers through which hu- 
midified 8% oxygen and balance nitrogen flowed. The containers 
were submerged in a 36°C water bath to maintain normothermia dur- 
ing this period. Pups were kept in the hypoxic chambers for 2.5 h. 
Thereafter, pups were returned to their dam for 7 d before killing. 

Analysis of DNA fragmentation. Cortical and hippocampal tissue 
from both lesioned and unlesioned hemispheres was harvested at 0, 2, 
6, 12, and 18 h after completion of an H-I insult (tissue from n = 3 an- 
imals per time point were pooled). The experiment was repeated 
three times with independent pooled samples. DNA was isolated us- 
ing the Puregene DNA isolation kit (Centra Systems, Minneapolis, 
MN) according to the manufacturer's instructions. DNA (10 ^g/lane) 
was electrophoresed on 2% agarose gel in the presence of 0.3 mg/ml 
ethidium bromide and visualized with UV illumination. 

TUN EL staining and electron microscopy. At 0, 2, 6, 12, and 24 h 
after an H-I insult, rat pups were anesthetized with pentobarbital 
(150 mg/kg, intraperitoneally) and perfused with ice-cold PBS (four 
animals per time point for TUNEL and three animals per time point 
for electron microscopy). Brains were quickly removed and frozen 
with powdered dry ice for cryostat sectioning. Brain sections (20 jim) 
were then fixed with 10% buffered formalin, postfixed with acetate- 
ethanol solution at -20°C, and washed with PBS. An ApopTag in 
situ apoptosis detection kit (Oncor, Gaithersburg, MD) was used to 
carry out TUNEL staining as described previously (33). In brief, sec- 
tions were incubated in equilibration buffer for 10 min and then ter- 
minal deoxynucleotidyl transferase and dUTP-digoxigenin were 
added to the sections and incubated in a 37°C humidified chamber for 
1 h. The reaction was then stopped and the slices were washed and in- 
cubated with anti-digoxigenin-peroxidase solution, colorized with 
DAB/H 2 0 2 , and counterstained with bis-benzamide. For electron mi- 
croscopy (EM), rat pups were anesthetized with pentobarbital (150 
mg/kg, intraperitoneally) and perfused with 30 ml of PBS followed by 
60 ml of 1% paraformaldehyde, and 2% glutaraldehyde in PBS (pH 
7.4). After continued immersion fixation in the same solution over- 
night at 4°C, cortical and hippocampal samples from both lesioned 
and unlesioned hemispheres were processed for EM as described pre- 
viously (34). 

ICV and systemic injections. BAF and boc-threonyl-fluorometh- 
ylketone (BTF) were purchased from Enzyme Systems Products 
(Livermore, CA). BAF and BTF were kept as a 100 mM stock solu- 
tion in DMSO. For ICV injections of BAF, BTF, or vehicle, P7 pups 
received an injection of a 5-|xl solution containing either vehicle (1 jxl 
DMSO, 4 uJ PBS, pH 7.4), BAF (1 p,l of stock solution, 4 jd PBS), or 
BTF (1 jjj of stock solution, 4 ^1 PBS) as previously described (30, 35, 
36). Injections were performed with a 5-p.i Hamilton syringe and a 27- 
gauge needle. For each litter undergoing H-I, six animals received the 



drug (BAF or BTF) and six animals received vehicle. Comparisons 
were always made between drug- and vehicle-treated littermates. The 
location of each injection in relation to lambda was 2.0 mm rostral, 
1.5 mm lateral, and 2.0 mm deep to the skull surface. For systemic in- 
jections, pups underwent unilateral carotid ligation and exposure to 
hypoxia for 2.5 h. They then received intraperitoneal injections of 
BAF (100 ul of the 100 mM stock solution) or vehicle (100 ul of 
DMSO) at 2.5 and 12 h after removal of the rat pups from the hy- 
poxia chamber. In rats subjected to H-I, mortality rates during sur- 
gery, hypoxia, or before killing did not differ between BAF, BTF, and 
vehicle-treated groups in any of the experiments (< 5% per group). 

Assessment of brain damage due to H-I. 1 wk after H-I, animals 
were anesthetized with 150 mg/kg pentobarbital intraperitoneally and 
then perfused through the left ventricle with PBS (pH 7.4) followed 
by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, 4°C). 
Brains were then postfixed overnight in the same fixative at 4°C, cryo- 
protected in 30% (wt/vol) sucrose in 0.1 M phosphate buffer (pH 
7.4, 4°C), frozen in powdered dry ice, and stored at -70°C. 50-um se- 
rial sections were cut on a freezing sliding microtome. Staining of tis- 
sue with Cresyl violet was performed as previously described (36). 
Damage due to H-I was determined by calculating the amount of sur- 
viving tissue in coronal sections as described previously (30). Briefly, 
sections were assessed rostro-caudally from the genu of the corpus 
callosum to the end of the dorsal hippocampus. The cross-sectional 
areas of the striatum, cortex, and hippocampus in each of eight 
equally spaced reference planes were assessed with the NIH image 
analysis system (version 1.57) linked to a Nikon (Melville, NY) mi- 
croscope. The sections corresponded approximately to plates 12, 15, 
17, 20, 23, 28, 31, and 34 in a rat brain atlas (37). The volume of each 
brain region was then calculated and the percent volume toss in the 
lesioned versus the unlesioned hemisphere was determined for each 
animal as previously described (30, 36). For estimation of neuronal 
density in the CA1 region, neurons in a 5,G00-u,m 2 region were 
counted in the right and left hippocampus in three equally spaced sec- 
tions corresponding to plates 28, 31, and 34 in a rat brain atlas (37). 
Only neurons (identified by their staining characteristics and size) 
with nucleoli were counted if they fell within the graticule (5,000 
ixm 2 ) viewed through a X60 Nikon oil immersion lens (numerical ap- 
erture 1.40). All measurements were done by an investigator blinded 
to the treatment condition. Nonparametric statistics were used since 
data were not normally distributed. For statistical analysis, the Mann- 
Whitney rank sum test was used to compare groups. The Kruskal- 
Wallis test was used for comparisons of multiple groups followed by 
the Mann-Whitney rank sum test including a Bonferroni adjustment 
for comparison between groups with a P < 0.05 significance cut off. 

Caspase assays and Western blot Tissue for DEVD-AMC and 
YVAD-AMC cleavage assays as well as tissue for Western blots was 
collected from rat pups that were anesthetized with 200 mg/kg pento- 
barbital and then perfused transcardially with PBS, 6 ml/min (pH 
7.4), before removal of the brain and dissection of brain regions. For 
time course experiments, tissue from the cortex and hippocampus in 
both lesioned and unlesioned hemispheres was dissected from P7 rat 
pups at 0, 6, 12, 24, and 48 h after H-I (tissue from three animals per 
time point were pooled). For experiments with ICV injections of 
BAF, P7 rats underwent left carotid ligation followed by 2.5 h of ex- 
posure to 8% oxygen. 3 h later, they received an ICV injection of a 5-uJ 
solution containing either vehicle or BAF as described above. 15 h 
later, tissue samples were collected from the cortex and hippocampus 
in both lesioned and unlesioned hemispheres. For caspase assays, tis- 
sue samples were then homogenized in 400 uJ of buffer A (10 mM 
Hepes, pH 7.4, 42 mM KC1, 5 mM MgCl 2 , 1 mM DTT, 0.5% CHAPS, 
1 mM PMSF, and 1 jig/ml leupeptin) and centrifuged at 12,000 g for 
10 min at 4°C. For detection of poIy(ADP-ribose)poIymerase 
(PARP) (EC 2.4.2.30), tissue was lysed in lysis buffer (20 mM Tris, 
pH 8.0, 150 mM Nad, 1% NP-40, 10% glycerol, 1 mM PMSF, and 10 
Hg/ml aprotinin, and 1 ng/mi leupeptin) and Western blots were per- 
formed as previously described (30). The density of the 116-kD band 
on x-ray film representing uncleaved PARP in tissue samples was 
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determined as previously described (38). The PARP antibody was 
purchased from Enzyme Systems Products. DEVD-AMC and 
YVAD-AMC cleavage activity was measured from the cell lysate su- 
pernatants as described previously (39). Briefly, 25 pi of the lysate 
was incubated in a 96-well plate with 75 p,l of 30 p,M Ac-DEVD- 
AMC or 10 p.M Ac- YVAD-AMC (Biomol Research Laboratories 
Inc., Plymouth Meeting, PA) in buffer B (25 mM Hepes, pH 7.4, 1 
mM EDTA, 3 mM DTT, 0.1% CHAPS, and 10% sucrose). The incu- 
bation was maintained at room temperature for 20 min in the dark. 
Fluorescence was measured at an excitation wavelength of 360 nm 
and an emission wavelength of 460 nm in a fluorescent plate reader. 
The total protein content of the cell lysate was assayed with a Na- 
noOrange protein quantitation kit (Molecular Probes, Eugene, OR) 
and the data are presented as the absolute fluorescence units per mg 
protein per hour. 

Results 

A well characterized unilateral brain injury occurs in P7 rats 
and mice after unilateral carotid ligation and exposure to 8% 
oxygen for 2.5 h (26, 40). The neuropathology in this model re- 
sembles what has been observed after H-I injury to the human 
neonatal brain (24, 27). We sought to determine the time 
course and morphological features of cell death after H-I in 
this model. P7 rats underwent unilateral (left) carotid ligation 
followed by exposure to hypoxia (8% oxygen) as previously 
described (30, 36). At different time points after injury, we 
looked for evidence of DNA damage by assessment of DNA 
fragmentation as well as by anatomical criteria. 

DNA laddering was evident in the hippocampus ipsilateral 
to carotid ligation but did not appear until 6 h after H-I (Fig. 
1). The laddering, reflective of internucleosomal DNA cleav- 
age, became more prominent at 12 h and peaked by 18-24 h af- 



Figure 1. Delayed DNA laddering after H-I in neonatal rats. At dif- 
ferent time points after left carotid ligation and exposure to 8% oxy- 
gen for 2.5 h, brain tissue was harvested from three animals per time 
point and DNA was isolated from the left and right hippocampus. 
DNA degradation with formation of ladders was first visualized 6 h 
after the H-I insult only in the hemisphere ipsilateral to carotid liga- 
tion. DNA laddering increased by 12 h and was slightly greater at 
18 h. No DNA laddering was observed in animals which underwent 
anesthesia but had no carotid ligation or hypoxia (sham). This experi- 
ment was repeated with three independent pooled samples per time 
point with similar results obtained each time. 




Figure 2. Delayed appearance of TUNEL-labeled cells after neona- 
tal H-I. At different time points after left Carotid ligation and expo- 
sure to 8% oxygen for 2.5 h, tissue sections were analyzed for the 
presence of TUNEL labeling. In the P7 rat brain, immediately (0 h) 
after H-I, there were 0-1 TUNEL-positive cells per high power field 
seen in the cortex both contralateral to the carotid ligation (A, unle- 
sioned cortex) as well as ipsilateral to the carotid ligation (5, lesioned 
cortex). Similar findings were noted in the normal P7 brain. An 
increase in TUNEL-positive cells over baseline was seen in the 
lesioned cortex beginning 6 h after H-I (C) with increasing numbers 
of TUNEL-positive cells at 12 h (Z>) and the greatest density of 
TUNEL-positive cells at 24 h (E). At 24 h after H-I, there was no in- 
crease in the number of TUNEL-positive cells over baseline in the 
unlesioned cortex (F). The appearance of TUNEL-labeled cells in the 
hippocampus followed a similar time course (data not shown). Scale 
bar in F equals 25 \im. 



ter H-I injury. We found no evidence of DNA fragmentation 
in similar extracts from the lesioned hippocampus at 0 and 2 h 
after H-I or in sham-operated animals exposed only to hyp- 
oxia. In the hippocampus contralateral to the lesioned hemi- 
sphere, there was no visible DNA laddering at any time point 
examined. A similar time course of DNA fragmentation was 
seen in DNA extracted from the cerebral cortex of the same 
animals (data not shown). 

TUNEL staining (33, 41) has been used extensively to 
identify cells with nuclear DNA fragmentation. We found a 
time-dependent increase in the number of TUNEL-positive 
cells in the hemisphere ipsilateral to carotid ligation (Fig. 2). 
At 0 and 2 h after H-I, there were only occasional TUNEL- 
positive cells observed ipsilateral to the carotid ligation; similar 
numbers of TUNEL-positive cells were observed in the nor- 
mal P7 brain and in the hemisphere contralateral to carotid li- 
gation (Fig. 2, A, B, and F). 6 h after H-I, there was a clear in- 
crease in TUNEL staining in the hemisphere ipsilateral to 
carotid ligation. In the cortex, there were approximately three 
to five cells/high power field (0.043 mm 2 ) noted (Fig. 2 C). The 
TUNEL-positive cells substantially increased in number to 
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Figure 3. EM analysis of the P7 neonatal rat brain after H-I reveals 
cells with features of apoptosis. 12 h after ipsilateral carotid ligation 
and exposure to H-I, cell morphology was assessed. In A, a normal 
appearing neuronal nucleus in the pyramidal layer of the hippocam- 
pus contralateral to carotid ligation is shown. Examples of shrunken 
nuclei with condensed chromatin (B) and from the pyramidal layer of 
the hippocampus ipsilateral to carotid ligation (C) are shown. Scale 
bar in C equals 2 jxm. 



~ 20 cells/high power field at 12 h, and in some fields over 50 
cells/high power field were noted 24 h after H-I (Fig. 2). Al- 
though TUNEL-positive cells were sometimes in groups, they 
were observed throughout different cortical layers. A similar 
increase in the time course of TUNEL staining was also noted 
in hippocampus and striatum. We also examined cell morphol- 
ogy by EM at 0, 6, 12, and 18 h after H-I. In the cortex and hip- 
pocampus contralateral to carotid ligation, cell and nuclear 
morphology appeared normal at all time points (Fig. 3 A). By 
12 h after H-I ipsilateral to carotid ligation, there was a clear 
increase in cells which had shrunken nuclei and condensed 
chromatin in the pyramidal layer of the hippocampus (Fig. 3 y B 
and Q, At 18 h, in addition to these features, several nuclei 
had apoptotic bodies (data not shown). Similar findings were 
seen in the cortex. These findings suggest that changes consis- 
tent with apoptosis appear to occur after neonatal H-I injury. 

Accumulating evidence indicates that activation of IL^ip 
converting enzyme (ICE)-Iike proteases (caspases) is critical 
for many forms of apoptotic cell death (for reviews see refer- 
ences 19 and 21). We examined whether caspase-like activity 
was increased after neonatal H-I. Brain extracts from P7 cortex 
both ipsilateral and contralateral to the lesioned hemisphere 
were incubated with the tetrapeptide substrates Ac-DEVD- 
AMC or Ac-YVAD-AMC. DEVD-AMC is a preferred sub- 
strate for caspase-3-like (2, 3, and 7) and YVAD is a preferred 
substrate for caspase-l-like enzymes (1, 4, and 5). Enzyme ac- 
tivity was assayed spectrophotometrically by measuring the ex- 
tent of cleavage of the peptide substrates by the extracts. In 
the hippocampus ipsilateral to the carotid ligation, caspase-3- 
like activity was notably increased 12 h after H-I, peaked by 
~ 24-36 h, and then dropped back to almost basal levels by 
48 h (Fig. 4). Contralateral to carotid ligation, no significant in- 
crease in caspase-3-like activity was observed up to 48 h after 
H-I insult. In contrast to the increase in caspase-3-like activity 
after H-I, there was no clear increase in YVAD-AMC cleav- 
age (caspase-l-like activity) (data not shown). Thus, by both 



anatomical (TUNEL and EM) and biochemical criteria (DNA 
laddering and caspase activation), cell injury in this model is 
delayed with onset at ~ 6 h and becoming prominent by 12-24 h 
after H-I. 

BAF is a general caspase inhibitor which is an effective in- 
hibitor of NGF deprivation-induced sympathetic neuronal 
death in vitro (22). Caspases are activated late in the pathway 
of sympathetic neuronal death, and BAF treatment blocks 
programmed cell death in NGF-deprived sympathetic neurons 
even when given in a delayed fashion up to 14 h after NGF 
deprivation in vitro (22). Since our data indicated that after 
neonatal H-I there is a substantial delay in neuronal injury at 
least part of which resembles programmed cell death, we ex- 
amined whether the caspase inhibitor BAF could provide neu- 
roprotection when administered in this injury model. One dose 
of BAF (100 nmol) or vehicle was administered ICV 3 h after 
completion of carotid ligation and of exposure to 8% oxygen. 
Brains were then analyzed 1 wk later to quantify the extent of 
brain injury as previously described (30). In vehicle-treated an- 
imals, brain volume loss in the lesioned hemisphere 7 d after 
H-I treatment revealed a 28.8% volume loss in striatum, 
45.2% in hippocampus, and 35.4% in cortex as compared to 
the control, contralateral hemisphere (Fig. 5). A single ICV 
dose of BAF given 3 h after completion of the H-I insult signif- 
icantly reduced brain volume loss by > 50% in all three brain 
regions (Fig. 5). In a separate group of animals, administration 
of BAF immediately before carotid ligation and subsequent 
hypoxia did not afford additional neuroprotection (Fig. 5). 
BAF treatment did not affect the core temperature of animals 
at 1 and 2 h after administration suggesting that the effect of 
BAF was not due to hypothermia (Table I). To determine the 
specificity of the marked protective effects seen with BAF, we 
also determined whether a peptide similar in structure to BAF, 
BTF, which does not inhibit caspase activity and also has a flu- 
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Figure 4. DEVD-cieaving activity in the P7 rat brain after H-I. At 
different time points after left carotid ligation and exposure to 8% 
oxygen for 2.5 h, tissue was harvested from the left and right hippo- 
campus. The cleavage of Ac-DEVD-AMC, which reflects caspase-3- 
like activity, was measured in tissue extracts. The amount of DEVD- 
cleaving activity in normal P7 hippocampus was similar to that found 
contralateral to carotid ligation at all time points; however, by 12 h 
there was increased activity in the hippocampus ipsilateral to carotid 
ligation. This activity peaked between 24 and 36 h before returning to 
near baseline levels at 48 h. Each data point represents the activity 
measured in the tissue pooled from three littermates per time point. 
The data are represented as a percentage of DEVD-AMC cleaving 
activity at the 0 h time point. The data shown are representative of 
three other experiments performed on separate tissue samples. 
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Figure 5. B AF significantly protects the 
neonatal rat brain from H-I. An example 
of unilateral hemispheric tissue loss (A) is 
shown in a P14 animal treated 1 wk before 
with vehicle (VEH) versus an animal 
treated with B AF 3 h after unilateral ca- 
rotid ligation and exposure to 8% oxygen 
at P7. A single ICV injection of BAF (100 
nmol) significantly protected the P7 rat 
brain when given just before (Z?) or 3 h af- 
ter (C) H-I. BAF protected against > 50% 
of tissue loss in cortex, hippocampus, and 
striatum in both instances. BTF, a control 
peptide, did not protect the neonatal brain 
from an H-I insult (D). Delayed adminis- 
tration of systemic BAF also resulted in 
significant neuroprotection in both the hip- 
pocampus and striatum (£). In A-E, brains 
were analyzed at P14, 7 d after an H-I in- 
sult at P7. 



oromethylketone moiety, had any protective effects in this 
model. We found that when 100 nmol of BTF was adminis- 
tered ICV 3 h after an H-I insult, there was no significant pro- 
tection as compared to vehicle-treated control littermates. Be- 
cause BAF is a lipophilic, cell permeable molecule, we also 
asked whether systemic administration would be protective. 
P7 rats received intraperitoneal injections of BAF or vehicle 
both 2.5 and 12 h after H-L In B AF-treated animals, there was 
66% less tissue loss in the hippocampus, 53% less in the stria- 
tum, and 33% less in the cortex. These changes were statisti- 
cally significant in both the hippocampus and striatum. To de- 
termine if the protection by systemic BAF against brain 
volume loss correlates with neuronal protection, we deter- 
mined neuronal density in the CA1 region of the hippocampus 
in the same animals. In vehicle-treated animals, CA1 neuronal 



Table I. Core Temperature in P7 Rats Given ICV BAF 3 h 
after HI Insult 





Basal temperature 


1 h after injection 


2 h after injection 




°C 


°C 


°C 


BAF 


37.3 ±0.26 (n = 19) 


37.1 ±0.26 


37.4±0.27 


Vehicle 


37.4+0.19 (n = 19) 


37.1 ±0.28 


37.2±0.24 



Mean±SEM 



density decreased by 50% in the lesioned versus the unle- 
sioned hemisphere. In contrast, CA1 neuronal density de- 
creased by only 20% in the lesioned versus the unlesioned 
hemisphere in BAF-treated animals (Fig. 6). Systemic BAF 
did not result in changes in core temperature 1 and 2 h after in- 
jection (data not shown). 

To confirm that the neuroprotection afforded by BAF ad- 
ministration was correlated with its ability to inhibit caspase 
activity, we examined whether BAF was able to inhibit caspase 
activity as well as PARP cleavage in vivo. P7 rats were sub- 
jected to an H-I insult. 3 h after H-I, they received a single ICV 
injection of either BAF or vehicle. 18 h after H-I, brain tissue 
was removed and assayed for caspase-3-like activity. In vehi- 
cle-treated animals, there was a 5-fold increase in caspase- 
3-like activity in the hippocampus and a 2.5-fold increase in 
activity in the cortex of ipsilateral to carotid ligation. Relative 
to vehicle-treated samples, BAF treatment resulted in a signif- 
icant reduction in caspase-3-like activity in both hippocampus 
and cortex ipsilateral to carotid ligation (Fig. 7). In contrast to 
the increase in caspase-3-like activity 18 h after H-I, there was 
no H-I-induced increase in caspase-l-like activity in the same 
tissue samples (Fig. 7). BAF treatment did not result in a fur- 
ther decrease in baseline caspase-l-like activity observed in 
vehicle-treated samples. Since it has been shown that BAF can 
directly inhibit caspase-1 activity (22), this suggests that each 
tissue has some baseline cleaving activity when used in this as- 
say which is not secondary to endogenous caspase activation. 
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Figure 6. Mean neuronal counts in the CA1 region 1 wk after unilat- 
eral carotid ligation, exposure to hypoxia at P7 followed by treatment 
with systemic BAF or vehicle (VEH). Neurons in the left and right 
CA1 region of the hippocampus were counted in a 5,000-fim 2 region 
in three sections (total, 15,000 ^m 2 ) with a calibrated microscopic 
eyepiece. In rats treated with systemic BAF, neuronal density was 
significantly greater in the lesioned hippocampus ipsilateral (IPSI) to 
carotid ligation than in the lesioned vehicle-treated hippocampus ip- 
silateral to carotid ligation (*jp < 0.01) 1 wk after H-I. There was no 
significant difference in the mean CA1 neuronal density between ve- 
hicle- and B AF-treated animals in the unlesioned hippocampus con- 
tralateral (CONTRA) to carotid ligation. 



To address whether residual unreacted BAF remaining in the 
tissue could account for inhibition of caspase-3-like activity in 
our assay after tissue lysis, we performed an experiment in 
which we mixed vehicle-treated ischemic hippocampal lysate 
(18 h after H-I) which had high DEVD-AMC cleaving activity 
with hippocampal lysate from tissue injected with ICV BAF 15 h 
before. There was no further inhibition of DEVD-AMC cleav- 
age activity after mixing the samples (data not shown). Finally, 
we also assessed whether ICV injection of BAF inhibited the 
cleavage of PARP, a substrate for caspase-3. As detected by 
Western blot, there was significantly less cleavage of PARP in 
hippocampal samples from BAF as compared to vehicle- 
treated animals ipsilateral to carotid ligation (percent decrease 
in full length PARP, ipsilateral versus contralateral hippo- 
campus, mean±SEM: BAF, -10.8±9%, n = 10 vs. Vehicle, 
-52.9±5.3%, n = 10; P < 0.01). Taken together, these results 
suggest that the mechanism for the in vivo neuroprotection by 
BAF is through inhibition of caspase activation and subse- 
quent steps leading to cell death. 

Discussion 

There are two main findings in this study. First, we have shown 
that in a well characterized animal model of neonatal H-I, 
there is evidence of delayed cell injury with DNA damage 6-24 h 
after the insult as detected with both biochemical and ana- 
tomical methods. Second and most importantly, a cell perme- 
able pan-caspase inhibitor, BAF, significantly attenuated tis- 
sue injury due to H-I even when administered 3 h after H-I. 
The fact that both delayed and systemic injections were pro- 
tective has important clinical implications. These findings sug- 
gest that molecules which can interrupt terminal events in the 
cell death pathway may be very useful in the treatment of neo- 
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Figure 7. DEVD- and YVAD-cleaving activity as well as PARP 
cleavage in the P7 rat brain 18 h after H-I in animals is affected by 
treatment with ICV BAF. 3 h after unilateral carotid ligation and ex- 
posure to hypoxia, F7 rats received ICV injections of either BAF or 
vehicle. 15 h later, tissue was harvested and the extent of cleavage of 
Ac-DEVD-AMC and YVAD-AMC as well as the level of PARP was 
determined. DEVD-AMC cleaving activity was elevated in both the 
hippocampus and cortex ipsilateral (IPSI) to carotid ligation in vehi- 
cle-treated animals (A and B). There was significantly less DEVD- 
AMC cleaving activity in the hippocampus and cortex ipsilateral to 
carotid ligation when comparing BAF- versus vehicle-treated animals 
(*P < 0.05) (A and B). DEVD-AMC cleaving activity was similar in 
both treatment groups in the hippocampus and cortex contralateral 
(CONTRA) to carotid ligation. YVAD-cleaving activity was not sig- 
nificantly elevated at 18 h after H-I in the hippocampus or cortex in 
BAF- or vehicle-treated animals (C and D). The level of full-length 
PARP (116 kD) was also determined by Western blotting with an 
anti-PARP antibody in hippocampal tissue from animals which re^ 
ceived an H-I insult and were treated with ICV BAF or vehicle. 
B AF-treated samples had a significantly greater amount of full- 
length 116-kD PARP in hippocampal lysates ipsilateral versus con- 
tralateral to carotid ligation as compared to vehicle-treated samples 
(see Results). An example from a representative Western blot is 
shown in E. 
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natal H-I brain injury and possibly other acute injuries to the 
neonatal brain. 

| In neonatal H-I models, there is previous evidence that ce- 
rebral ischemia leads to delayed cell death with DNA damage 
(13-15). For example, 12 h after bilateral carotid ligation and 
exposure to 15 min of hypoxia in P8 rats, TUNEL labeling and 
karyorrhectic cells can be identified (13). Extensive DNA lad- 
dering was observed by others (14) at 18 h after H-I in the neo- 
natal model we used; however, only this one time point was ex- 
amined. We used both biochemical and anatomical criteria to 
look for the occurrence and time course of DNA damage and 
caspase activation in this model. Both TUNEL labeling and 
DNA laddering revealed evidence for DNA damage begin- 
ning at 6 h after H-I. These methods are sensitive but not al- 
ways specific for apoptosis. For example, it has been shown in 
cultured cells that while most cells with DNA laddering are dy- 
ing via apoptosis, there are exceptions in which DNA ladder- 
ing is present in the setting of necrosis (42). EM analysis, how- 
ever, also appears to confirm that at least some of the cell 
death occurring in this model is consistent with apoptosis. The 
potential importance of our findings of DNA damage along 
with delayed caspase activation is that cell death with these 
features can be under active cell control. For example, func- 
tional inhibition of ced-3 in Caenorhabditis elegans (43) or the 
mammalian homologues of ced-3 (caspases) can prevent cell 
death in diverse cell types, including neurons (18, 19, 44). 
Whether caspase inhibitors would be protective after acute 
nervous system injury is just beginning to be studied. Recent 
findings using IL-lp-like protease inhibitors including z-VAD- 
DCB in adult rats (45) and z-VAD.FMK in adult mice (46) 

] showed decreases in ischemic damage after ICV administra- 
tion in the setting of middle cerebral artery occlusion. In one 
study, z-VAD-DCB was given just before ischemia (45), and in 
the other, Z-VAD.FMK was protective when administered at 
the end of arterial occlusion but not when treatment was de- 
layed by 1 h. Whether delayed treatment was not as effective 
as BAF in our model may be due to differences in the drugs, 
the models, or developmental age at time of injury. 

To our knowledge, this is the first demonstration that both 
delayed and systemic administration of a caspase inhibitor can 
be neuroprotective in an injury model. In neonatal H-I, BAF 
may be affording neuroprotection in at least two ways. First, it 
may inhibit cell death by inhibiting cleavage of substrates in 
cells with activated caspases. It is also possible that reduction 
in brain injury from inflammation and edema occurs second- 
ary to inhibition of a specific caspase such as ICE (18), with 
subsequent decreases in the formation of IL-lp. A combina- 
tion of these two possibilities may also occur. It is interesting 
to note that IL-10 expression is increased after neonatal H-I 
injury and that adenoviral-mediated overexpression of IL-lp 
receptor antagonist is neuroprotective against neonatal H-I in- 
jury (47, 48). Using the DEVD-AMC and YVAD-AMC cleav- 
age assays, our data suggest that there is not a significant in- 
crease in caspase-l-like activity after neonatal H-I. It is 
conceivable, however, that if caspase-l-like activity was selec- 
tively increased only in inflammatory and not neural cells after 
neonatal H-I, our assay would not detect this change. The fact 
that we have seen as much neuroprotection against neonatal 

1 H-I injury when BAF is administered before as well as 3 h af- 
ter injury may be due to several factors including the promi- 
nent and delayed injury with features of apoptosis which oc- 
curs after H-I injury in the neonatal brain. 



While BAF can inhibit NGF deprivation-induced death of 
sympathetic neurons in vitro, it does not inhibit many of the 
more proximal events after NGF removal that lead the cell to 
the point where it was ready to undergo execution (22). It is 
unlikely that such cells, while saved by BAF, maintain normal 
function; our finding of abnormal electrophysiology in these 
cells supports this assertion (Werth, J.L., J. Cocabo, M. Desh- 
mukh, E.M Johnson, Jr., and S.M. Rothman, unpublished 
data). Despite this, even after long periods of NGF depriva- 
tion, these BAF-saved cells can return to a normal trophic 
state upon reexposure to NGF (22). In neonatal H-I, while 
there is severe energy depletion and a variety of other events 
(25) which are likely to lead to apoptotic cell death, delayed 
administration of BAF is still protective suggesting that these 
biochemical and cellular abnormalities are not permanent. 
Thus, after acute injury to the developing brain, antiapoptotic 
therapy may buy enough time for cells until a more normal 
trophic environment is reestablished to maintain and restore 
cellular function (21). Experiments to further test this possibil- 
ity as well as how late caspase inhibitors can be given and still 
be protective are underway. 
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